Invading species are most easily eradicated or controlled if detected early and rapid action can be taken, but locating and eradicating small numbers of aquatic invaders is extremely difficult. Bighead carp (Hypophthalmichthys nobilis) and grass carp (Ctenopharyngodon idella) are Asian cyprinids that have been widely introduced and are considered undesirable and detrimental invasive species in many parts of their introduced range. The relatively novel "Judas fish" technique is used to locate aggregations of fish in the wild by strategically releasing individuals equipped with surgically implanted transmitters. However, releasing Judas fish that are capable of reproducing is problematic because it could add to the invasion problem by contributing to recruitment if not recaptured. We thus tested whether surgical ligation and division of the ductus deferens could effectively sterilize adult diploid bighead and grass carp. If effective, surgical sterilization would result in a superior Judas fish by maintaining the reproductive motivation derived from intact gonads while blocking the reproductive potential. This technique was initially successful, but ultimately most individuals were able to recanalize the surgically-severed ducts and produce milt, and were thus potentially able to reproduce during the following spawning season. Thus, ligation and division of the ductus deferens does not seem to be a viable procedure to sterilize bighead carp or grass carp for deployment as Judas fish where long term sterility of the fish is paramount in importance.
Introduction
Bighead carp (Hypophthalmichthys nobilis) and grass carp (Ctenopharyngodon idella) are Asian cyprinids that have been widely introduced outside their native range via unintentional escapes, biomanipulation programs, or for fishery enhancement Kolar et al. 2007 ). They are considered undesirable and detrimental invasive species in many parts of their introduced range (Azevedo-Santos et al. 2011; Boros et al. 2014; Conover et al. 2007; Xie and Chen 2001) . These species have become especially problematic in North America (Conover et al. 2007 ), where they are established throughout the central and southern portions of the Mississippi River Basin, and have been reported in 24 states and in Lake Erie (USGS 2018) . The ecological consequences of this invasion have been the focus of much recent research. Documented effects include competition with native fishes (e.g., Irons et al. 2007; Wang et al. 2018 ) and wide-ranging examples of cascading ecological effects caused by overgrazing of submersed vegetation (Shireman and Smith 1981) , depletion of plankton (Kolar et al. 2007 ), or increased bioturbation and nutrient resuspension (Rowe 1984) .
Invading species are most easily eradicated or controlled if detected early (Hoffman et al. 2011; Simberloff et al. 2013 ), but locating and eradicating small numbers of aquatic invaders is extremely difficult. Recent research efforts on control methods have focused on removal methods, the effectiveness of which depends on precise identification and location of target fish (Asian Carp Regional Coordinating Committee 2014; Basler and Schramm 2006; MacNamara et al. 2016) . For fish that aggregate in schools (or at least are likely to co-locate with or close to conspecifics), the relatively novel "Judas fish" technique has shown some promise. Judas fish are equipped with surgically implanted transmitters, and released in the wild to live up to their biblical namesake by betraying the locations of conspecifics. The technique has been employed successfully to locate and harvest aggregations of invasive common carp (Cyprinus carpio) in Tasmania (Patil et al. 2015) and in North America (Bajer et al. 2011) . It has also been used to enhance harvest of lake trout (Salvelinus namaycush) where they are invasive, such as in Yellowstone Lake, Wyoming, USA, (Gresswell 2011) . While those efforts have been successful in locating aggregations of fish in the wild, one drawback was that Judas fish were not always sterile, potentially adding to the invasion problem by reproducing if not recaptured. Furthermore, use of Judas fish might be better perceived by the public if the fish are sterile. The removal of all or part of the testes has been attempted unsuccessfully to create sterile grass carp (Clippinger and Osborne 1984; Underwood et al. 1986 ). Such surgical castration or use of genetically-sterile fish such as triploid fish (Malone 1984 ) might be a feasible option for use as Judas fish, but it is unknown whether such fish would have a reduced reproductive motivation, making them less likely to participate in spawning movements, and thus less likely to co-locate with conspecifics at critical times. An ideal Judas fish would be incapable of reproduction, but retain a similar reproductive motivation, so that it migrates, selects habitats, and behaves in the same way as a normal fertile fish.
We thus tested whether surgical ligation and division of the ductus deferens could effectively sterilize adult diploid bighead and grass carp, with the aim to keep the gonads (and thus reproductive motivation) intact while effectively blocking the reproductive potential. Albeit less than common in ordinary veterinary sterilization, surgical ligation and division of the ductus deferens (akin to human vasectomy) is a relatively straightforward surgical procedure. Such surgically altered individuals could be subsequently implanted with transmitters and released to the wild to locate, and potentially remove, aggregations of conspecific invasive species, if sterility was retained for the life of the fish.
Materials and methods

Surgical ligation and division of the ductus deferens
Fish handling and euthanasia were performed according to relevant guidelines and regulations and the Columbia Environmental Research Center Animal Care and Use Policy. Experimental protocols were approved by the Columbia Environmental Research Center's Animal Care and Use Committee and this study was approved by the committee. The surgeon was a licensed veterinarian specializing in surgery, and was provided fresh cadavers upon which to practice before operating on live fish.
Ten bighead carp and nine grass carp were selected between July 2 and 24, 2014 from experimental ponds at the United States Geological Survey, Columbia Environmental Research Center, Missouri, USA. Each was surgically sterilized through ligation and division of the ductus deferens. Only male fish were selected for this procedure, based on external sexually dimorphic characters (i.e., pectoral fin ray morphology with raised rays on male bighead carp and rough rays in male grass carp). All fish used in the study were individually marked with passive integrated transponder (PIT) tags, by intramuscular insertion, near the dorsal fin.
Prior to surgery, fish were sedated using MS-222 (Syndel USA, Ferndale, WA, USA; 50-75 mg/L) in an aerated tank, and their total length measured. Once a surgical plane of anesthesia was achieved, the fish was placed in right lateral recumbence in a tilted trough that allowed continued submersion of the fish's head while the surgical site was elevated out of the water (Figures 1a and b ). Scales were plucked from the caudolateral abdomen over the proposed incision site, which was over the course of the ductus deferens, estimated by tracing in a craniodorsal direction from the urogenital papilla. The skin was then aseptically prepared with 61% ethyl alcohol (Avagard D, 3M, St. Paul, MN). A single fenestrated waterimpervious sterile drape was used to isolate the sterile field ( Figure 1b) . Then, an approximately 2.5 cm skin incision was made with a scalpel over the course of the ductus deferens ( Figure 1c ). The incision was deepened by incising the muscle until the body cavity was entered. Gelpi self-retaining retractors were used to maintain the surgical exposure ( Figure 1d ). The ductus deferens was identified by inserting an 8 French red rubber catheter (Feeding Tube and Urethral Catheter, Medtronic Covidien, Minneapolis, MN) into the urogenital pore. Once the catheter could be seen within the ductus deferens, a right angle forceps was used to dissect around the ductus deferens ( Figure 1e ) and pass two strands of 3-0 silk (Perma-hand Silk, Ethicon Inc., Somerville, NJ) around the structure, 5 to 15 mm apart (Figure 1f ). The catheter was extracted, the two silk strands were tied separately (Figure 1g ), and the ductus deferens was transected with scissors between the two silk ligatures (Figure 1h ). The surgical wound was closed in one layer by using 3-0 poliglecaprone (Securocryl, Securos Surgical, Fiskdale, MA) in a simple continuous pattern in the skin. Time from the original incision to closing was recorded for each individual surgery. After surgery, the fish were transferred to a tank with saline (3.5 parts per thousand) aerated pond water and held overnight. The following day the saline pond water was replaced by fresh, flowing pond water. Twenty-four hours after surgery, the fish were checked for signs of infection or immediate mortality before releasing them back into a dedicated pond.
Fish rearing, control and euthanasia
Surgically sterilized carp were supplied daily with commercial fish feed pellets. Ponds were monitored daily for dead or moribund fish. The carp remained in the pond through the winter until the following reproductive season.
The pond was seined in early June 2015, 11 months after the surgery and near the beginning of the putative spawning season. Carp were inspected for flowing milt by compressing the abdominal cavity. Grass carp which did not produce milt at that time received an intramuscular dose of 3.3 mg/kg body weight of common carp pituitary extract (Stoller Fisheries, Spirit Lake, IA) and were examined for release of milt 24 hours later. Fish were then euthanized with an overdose of MS-222.
Postmortem analysis
Euthanized fish were measured, weighed and dissected to determine, where possible, the reasons for success or failure of the surgery. Postmortem analysis was carried out by inserting a cannula in the urogenital opening to verify the absence of a connection between the urogenital opening and the gonads. Further inspection involved the opening of the body cavity to visually inspect the ductus deferens for the presence of ligatures or recanalizations, as well as inspecting the gonad development.
Given the small sample size, non-parametric statistical tests (MannWhitney and Kolmogorov-Smirnov tests, for mean and shape of the distributions) were performed using PAST software (Hammer et al. 2001) to explore whether surgery time was related to fish mortality, success of the procedure, or different between the two species. 
Results
The average individual surgery time was 20.6 ± 4.4 minutes (19.6 ± 3.9 minutes for bighead carp and 21.8 ± 4.8 minutes for grass carp). The immediate mortality rate was 0, but two bighead carp died within 4 days after the surgery (overall 10.5% mortality, bighead carp specific 20%). The remaining surgically sterilized fish survived the ligation and division procedure, the observation period, and the following 11-month period of rearing. Eleven months after the surgery, most fish had fully recovered, with a complete regeneration of the scales around the incision area, albeit one bighead carp individual (BH4) had an open wound at the surgery site and appeared to be in obvious distress. All but two fish (one bighead carp and one grass carp) increased in length during the study period.
Overall, surgical sterilization using ligation and separation of the ductus deferens was not effective in limiting the reproductive capabilities of either carp species. Eleven individuals (64.7% of the total that survived the procedure) had flowing milt upon postmortem inspection (Table 1) . Of those with milt present, the duct had partially or completely recanalized (Figure 2) , the sutures were encased in scar tissue, and the gonads were not atrophied. Recanalization apparently took several forms, sometimes in nearly the original position, sometimes in a circuitous route around or through scar tissue, and in other cases milt appeared to exit the body through the colon or bladder.
Only 6 fish (35.3% of the total that survived the procedure) did not have flowing milt (Table 1) . One of these was the bighead carp with an open wound (BH4) and the others were all grass carp. Postmortem inspection of the bighead carp that did not produce milt revealed that the urinary bladder and the ductus were tightly adhered together, but we were unable to determine if recanalization to the urinary bladder was complete. In any case, the fish was ill due to the open wound, and testes were not in a condition to produce milt.
Grass carp which did not initially produce milt also did not produce milt after injection with carp pituitary extract, but one grass carp jumped from the tank between injection and the post-injection examination. That fish was partially eaten by an animal and so was not examined for postinjection milt production or postmortem examination. Postmortem dissection of remaining grass carp that did not exhibit milt showed that they possessed mature testes, except one individual (GC8) that had developed a partial ovary and exhibited signs of an intersex condition, and might not have been capable of producing milt for that reason. At least two of the grass carp that did not produce milt had a ductus deferens that was almost completely recanalized. In one of these fish the end of the ductus was adhered to the urinary bladder adjacent to the vent, and in the other the two the severed ends of the ductus terminated very close together in a ball of scar tissue. In one fish, the ductus was adhered to the body wall, with no evidence that it was ready to recanalize.
There were no significant differences in surgery time between the two species (Mann-Whitney P = 0.35 and Kruskal-Wallis P = 0.88). There were also no significant differences in surgery time between bighead carp that died and all surviving fish (Mann-Whitney P = 0.08 and Kruskal-Wallis P = 0.08) or between the bighead carp that died and bighead carp that survived (Mann-Whitney P = 0.15 and Kruskal-Wallis P = 0.07).
Discussion
Ligation and separation of the ductus deferens proved ineffective for most fish; sterilization was not achieved, and individuals were potentially able to reproduce by the following spawning season. Of the six fish that did not produce milt, two had other reasons influencing their ability to produce milt (sickness and intersex), and two appeared close to ductus deferens recanalization. Thus, simple ligation and division of the ductus deferens does not seem to be a viable procedure to sterilize bighead carp or grass carp for deployment as Judas fish, if it is critical that individuals must remain sterile over a long term. Patil et al. (2014) attempted a similar ligation method to sterilize common carp; in that study, ten months after surgery, 77% of the surgically sterilized common carp did not produce milt when injected with Ovaprim to induce milt production. Those fish were then released as part of a Judas fish harvest operation, thus their longerterm continued sterility was not assessed.
We tested a surgical procedure to achieve fish sterilization and focused on males, rather than females, because the ductus deferens was a more robust and more distinct structure upon which to operate than was the oviduct. Surgical sterilization through the ligation and separation of the ductus deferens was a procedure with a low short-term mortality rate. Although there was no significant statistical difference in surgery times, it is worthwhile to note that short-term mortality occurred only in the first two individuals subjected to surgery. This suggests that short-term mortality in our study could be due to a "learning curve" related to the organization of the surgical team, the surgery itself, or the perioperative activities. Moreover, the intersex condition found in one of the grass carp individuals at culling cannot be attributed to the surgical procedure, as cases of natural intersex conditions are also reported in the wild (Papoulias et al. 2006) . Future trials should verify the effectiveness of existing surgical procedures, but could also explore new alternative techniques of surgical sterilization, such as blocking the duct with external structures (e.g., helix plugs or gluing agents) that would either block the flow of milt entirely or sterilize it when passing through. Chemically-induced sterilization might also be an effective alternative to surgical sterilization (Kutzler and Wood 2006; Rhodes 2017) ; calcium chloride injections have been successfully employed on rats, dogs and cats (Jana and Samanta 2007) , and zinc gluconate has been successfully tested as an alternative to castration in dogs (Levy et al. 2008) . Patil et al. (2014) attempted chemical sterilization of common carp using GnRH agonist implants, and were successful at temporarily reducing spermatocrit, but not successful at creating sterile male common carp for Judas fish applications.
In areas where fertile fish are highly abundant, it may be less important for Judas fish to be sterile, because their spawning potential may be insignificant in proportion to that of the extant population. In such cases Judas fish, regardless of fertility, could be useful to locate aggregations and improve the effectiveness of removal actions. However, Judas fish could be even more useful at the opposite end of the invasion spectrum, to detect invasive species in the early stages of invasion, when population densities are low and where a rapid response might be useful to eliminate fish before they begin to reproduce consistently (e.g., the case of Italy, Milardi et al. 2015 Milardi et al. , 2017 , or when in the final stages of an eradication campaign, such as that for common carp in Tasmania (Patil et al. 2015) . In such cases, where the contribution of the Judas fish to the available spawning stock might not be insignificant, a permanently sterile Judas fish is required.
In Minnesota, at the leading edge of the bighead carp invasion range and where bighead carp are very rare (USGS 2018), a fertile bighead carp was captured in 2017, implanted with an acoustic telemetry tag, and released (MNDNR 2018) . In May 2018, while attempting to recapture the telemetered individual, Minnesota Department of Natural Resource personnel captured two additional large bighead carp. It is unlikely that these fish would have been captured without the use of the telemetered fish (MNDNR 2018). While anecdotal, these captures provide evidence that rare bighead carp might be captured through the use of the Judas fish technique. It represents a success because two fish were captured with the release of one fish and other fish may yet be captured. However, at the time of this writing, the telemetered fish itself has not yet been recaptured, illustrating the value of sterilization, if an adequate technique could be found. Ongoing invasive carp control efforts clearly indicate a need for methods to focus and maximize the effectiveness of control measures. The development of adequate sterilization techniques to create Judas fish could substantially improve the effectiveness of comprehensive control programs.
